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Cyclic voltammetryThe effect of the incorporation of phosphorylated phospholamban (pPLN) and sarcolipin (SLN) in mercury-
supported self-assembled lipid monolayers and in lipid bilayers tethered to mercury via a hydrophilic spacer
was investigated by voltammetric techniques and electrochemical impedance spectroscopy. It was shown that
pPLN and SLN do not permeabilize lipid bilayers toward ions at physiological pH. However, they exert a
permeabilizing action toward inorganic monovalent cations such as K+ and Tl+, but not toward divalent cations
such as Ca2+ and Cd2+, following a small decrease in pH. This behavior can be associated with their regulatory
action on the Ca-ATPase of the sarcoplasmic reticulum (SERCA). SERCA pumps two Ca2+ ions from the cytosol
to the lumen of the sarcoplasmic reticulum (SR) and two protons in the opposite direction, causing a transient
decrease of pH in the immediate vicinity of its cytoplasmic domain. This decrease is expected to activate the lib-
erated pPLNmolecules and SLN tomake the SRmembrane leakier toward K+ andNa+ and the SLN ion channel to
translocate small inorganic anions, such as Cl−. The effect of pPLN and SLN, which becomes synergic when they
are both present in the SR membrane, is expected to favor a rapid equilibration of ions on both sides of the
membrane.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Sarcolipin (SLN) and monomeric phospholamban (PLN) are two in-
tegral membrane proteins that regulate the sarco(endo)plasmic reticu-
lum Ca-ATPase (SERCA) and consist of 31 and 52 amino acid residues,
respectively [1]. They both span the membrane with a single α-helix.
The transmembrane helices of SLN and PLN are highly conserved and
have several residues in common, but PLN has an extended cytoplasmic
domain that is lacking in SLN [2,3]. While the transmembrane helix of
SLN contains two hydrophilic threonine residues (Thr13 and Thr18),
that of PLN contains two hydrophobic cysteine residues (Cys36
and Cys41) in the same position of the α-helix, as well as Cys 46
[4]. These three cysteines play an important role in stabilizing the
PLN pentamer, which exists in equilibrium with the monomer, by
forming intermolecular hydrogen bonds with carbonyl oxygens [5].
The PLN monomer–pentamer equilibrium is strongly shifted toward
the pentamer [6]. SLN and PLN inhibit Ca-ATPase at low concentrations
[7,8], due to an apparent decrease in the afﬁnity of the calciumpump for
Ca2+. In contrast to PLN, SLN has been reported to stimulate maximal
Ca2+ uptake rates (Vmax) [7,9].39 055 457 3385.
ights reserved.SLN was shown to form channels selective toward chloride ion in
unbuffered solution, when incorporated in amercury-supported biomi-
metic membrane [10]. On the other hand, its incorporation has only a
modest permeabilizing effect upon phosphate ion [10]. Nonetheless,
submicromolar additions of ATP in thepresence of SLN increase the con-
ductivity of the biomimetic membrane up to a maximum limiting value
[11]. In this respect, SLN acts as an ATP-induced phosphate carrier,
exhibiting a behavior quite similar to that of the unidentiﬁed Pi trans-
porter described by Stefanova et al. [12].
It was hypothesized that the PLNmonomer represents the active in-
hibitory form that interacts with SERCA, while the pentamer represents
an inactive storage form [13]; phosphorylation of the PLNmonomer re-
lieves its inhibitory effect. The question whether the PLN pentamer
forms a central ion-conducting pore is still under debate. A molecular
dynamics (MD) simulation of the PLN pentamer by Sansom et al. [14]
yields a K+-pore interaction energy proﬁle consistent with a cation-
selective pore. However, subsequent more sophisticated simulations
[13,15,16] lead to the conclusion that the PLN pentamer is unlikely to
function as an ion channel at physiological transmembrane potentials.
We recently showed that, in principle, the PLN pentamer may act as a
cation channel [17], as postulated by Oxenoid and Chou [18] and by
Arkin at al. [19]. However, it does so only under a very strong interfacial
electric ﬁeld, at a non-physiological transmembrane potential of about
−410 mV [17]. These conclusions agree with the observation that no
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membrane incorporating PLN, over the physiological range of trans-
membrane potentials [13]. Conversely, they contrast with patch-clamp
measurements on conventional bilayer lipidmembranes (BLMs) carried
out in 1988 by Kovacs et al. [20] and, recently, by Smeazzetto et al.
[21,22]. Both groups reported current ﬂuctuations of a few picoamperes
at traditional BLMs incorporating PLN, sometimes with separate con-
ductance levels. PLN was reported to be selective for Ca2+ relative to
K+ by Kovacs [20], and to be selective for K+ but not for Ca2+ by
Smeazzetto [21,22].
The present work aims at investigating the changes in the behavior
of SLN and of the phosphorylated form of PLN, pPLN, in passing from a
pH 7 buffer solution of 0.1 M KCl to an unbuffered solution of pH
around 5.6 by using two different mercury-supported biomimetic
membranes, namely a lipid self-assembled monolayer (SAM) and a
tethered bilayer lipid membrane (tBLM). The latter biomimetic mem-
brane is obtained by tethering a thiolipidmonolayer to themercury sur-
face. The thiolipid, called DPTL [23], consists of a tetraethyleneoxy
hydrophilic chain, terminated at one end with a lipoic acid residue, for
anchoring to the metal surface, and covalently linked at the other end
to two phytanyl chains mimicking the hydrocarbon tails of a lipid.
Self-assembling a phospholipid monolayer on top of the thiolipid
monolayer gives rise to a lipid bilayer interposed between the aqueous
solution and the hydrophilic chain, which acts as an ionic reservoir. The
latter may accommodate up to two potassium ions per DPTL molecule,
corresponding to a charge density of about 45 μC cm−2 [24]. This
mercury-supported tBLM has been extensively employed in our labora-
tory for the investigation of ion channels [25–31], including single pass
alpha helical membrane-spanning peptides such as melittin [25,28],
distinctin [30] and trichogin [31].
A mercury-supported lipid SAM turns the hydrocarbon tails toward
the hydrophobic mercury surface and the polar heads toward the aque-
ous solution [32]. Even though this biomimetic membrane has no ionic
reservoir, under certain conditions it can be used for investigating the
properties of channel-forming peptides that may span exactly a lipid
monolayer, having a length comparable with the monolayer thickness
(~3.2 nm). Gramicidin [32,33], trichogin [31] and amphotericin [34]
are peptides satisfying this requirement. The ability of short peptides
to form pores or channels in the membrane can be tested by verifying
whether they allow the electroreduction of inorganic cations such as
Tl+ and Cd2+, which are reduced over the potential range of stability
of the lipid SAM. In this case, mercury itself provides an unlimited
ionic reservoir to the incorporated peptides, by forming an amalgam
with the reduced metal ion. The effect of longer peptides or small pro-
teins on a lipid SAMmay also provide useful information on their initial
interactionwith the outer leaﬂet of a biological membrane. For a correct
analysis of this information, it is important to compare the behavior of
these longer peptides at a lipid SAM with that at a tBLM. In doing so, it
may be appropriate to relate the extrathermodynamic absolute poten-
tial difference across the SAM, which will be henceforth referred to as
the transmembrane potential, to that across the lipid bilayer moiety of
the tBLM, especially when the observed effect depends to some extent
on the applied potential.
2. Materials and methods
Water was obtained by an inverted osmosis unit; it was then
distilled once and redistilled from alkaline permanganate. Merck
(Darmstadt, Germany) suprapur® KCl was baked at 500 °C before use
to remove any organic impurities. Dimethylsulfoxide (DMSO), CaCl2,
TlNO3, CdSO4 from Sigma-Aldrich (St. Louis, MO, U.S.A.) and KH2PO4
and K2HPO4 from Merck were used without further puriﬁcation.
Dioleoylphosphatidylcholine (DOPC) was purchased in chloroform
solution from Avanti Polar Lipids (Birmingham, AL, U.S.A.). The 2,3,di-
O-phytanyl-sn-glycerol-1-tetraethylene-glycol-D,L-α lipoic acid ester
thiolipid (DPTL) was synthesized by Prof. Adrian Schwan [23]. SLNand pPLN were provided by Prof. Gianluigi Veglia (New York Uni-
versity, USA). SLN was prepared by following stepwise Fmoc solid-
phase peptide synthesis and reverse-phase HPLC puriﬁcation proto-
cols [2,3,9]. PPLN was prepared by Fmoc solid-phase synthesis and
then incubated with protein kinase A for 3 hours under agitation
to obtain full phosphorylation; the protein was then puriﬁed using
reverse-phase HPLC [17]. Solutions of 0.2 mg/mL DPTL in ethanol
were prepared from a 2 mg/mL solution of DPTL in ethanol. Stock solu-
tions of this thiolipid were stored at−18 °C. Stock solutions of SLN and
pPLN were prepared in DMSO and stored at 4 °C.
All measurements were carried out with a home-made hanging
mercury drop electrode (HMDE) described elsewhere [35]. A home-
made glass capillary with a ﬁnely tapered tip, about 1 mm in outer
diameter, was employed. Capillary and mercury reservoir were
thermostated at 25 ± 0.1 °C in a water-jacketed box to avoid any
changes in drop area due to a change in temperature. The HMDE acted
as the working electrode in a three-electrode system, with an Ag/AgCl
(0.1 M KCl) reference electrode and a platinum coil counter electrode.
Mercury-supported lipid SAMswere obtained by spreading a lipid solu-
tion in pentane on the surface of a buffered or unbuffered 0.1 M KCl or
0.05 M CaCl2 aqueous solution, in an amount corresponding to about
ﬁve phospholipid monolayers. After allowing the pentane to evaporate,
theHMDEwas immersed into the aqueous solution across the lipid ﬁlm.
This procedure gives rise to a lipid monolayer with the hydrocarbon
tails directed toward the mercury surface and the polar heads directed
toward the aqueous solution, thanks to the hydrophobic nature of the
mercury surface. The lipid monolayer is at its equilibrium spreading
pressure (Πc = 50 mN m−1) [36]. Mercury-supported tBLMs were
obtained by tethering a DPTL monolayer on the HMDE upon keeping
the mercury drop immersed in a 0.2 mg/mL DPTL solution in ethanol
for about 20 min [26]. A DOPC monolayer was then formed on top of
the DPTL monolayer by a procedure analogous to that employed for
the preparation of mercury-supported lipid monolayers, and consisted
in spreading a lipid solution in pentane on the surface of the working
aqueous solution [26]. Immersing the DPTL-coated mercury into the
aqueous solution across the lipid ﬁlm causes a lipid monolayer to
self-assemble on top of the DPTLmonolayer, thanks to the hydrophobic
interactions between the alkyl chains of the phospholipid and those of
the thiolipid [26]. The tBLM was then subjected to repeated potential
scans over a potential range from −0.200 V to −1.200 V vs. the Ag|
AgCl|(0.1 M KCl) electrode, while continuously monitoring the
curve of the quadrature component of the current at 75 Hz against
the applied potential, E, using AC voltammetry, until a stable curve
was attained [26]. Incorporation of pPLN and SLN into the tBLM
was carried out by adding a small amount of their 1 mg/mL solution
in DMSO to the working solution (buffered at pH 7 or unbuffered
depending on the measurement under way), at an applied potential
of−0.50 V vs. the Ag|AgCl|(0.1 M KCl) electrode.
Impedance spectroscopy and voltammetric measurements were
carried out with an Autolab instrument PGSTAT12 (Echo Chemie,
Utrecht, The Netherlands) supplied with FRA2 module for impedance
measurements, SCAN-GEN scan generator and GPES 4.9007 software.
Potentials were measured vs. a Ag|AgCl|(0.1 M KCl) electrode, but are
referred to the saturated calomel electrode (SCE). Impedance spectra
at DOPC SAMs were recorded from 10−1 to 105 Hz over the potential
range of stability of the SAM, i.e. from−0.30 V to−0.80 V. The spectra
were not reported as such. Instead, they were ﬁtted by a suitable equiva-
lent circuit in order to single out the contributions to the total impedance
from the different dielectric slabs composing the biomimetic membrane.
3. Results
A DOPC monolayer self-assembled on mercury in a 0.1 M KCl aque-
ous solution yields a AC voltammetric curve of the differential capaci-
tance C against the applied potential E, as determined after proper
calibration of the AC current response, which is shown in Fig. 1, curve
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on mercury, excluding nonspeciﬁc ion leakage through monolayer de-
fects in the absence of interacting molecules. Over the potential region
of minimum capacitance, which ranges from −0.20 to −0.80 V, the
DOPC SAM is impermeable to inorganic ions, whereas it becomes per-
meable outside this region. The C value over this region amounts to
1.8 μF cm−2, namely twice the value for a solvent-free bilayer lipid
membrane. At positive potentials the region of minimum capacity is
delimited by a capacity increase that precedes mercury oxidation; at
negative potentials it is delimited by a sharp pseudocapacitive peak
that lies at about −0.98 V, followed by two further peaks at about
−1.06 V and −1.32 V. The ﬁrst two peaks are due to a cooperative
reorientation of the lipid molecules, whereas the third one is due to
their partial desorption [36]. The ﬁrst peak results from surface defects
that allow a practically uninhibited access of inorganic ions to the mer-
cury surface, while the second peak results from nucleation and growth
of the defects formed during the ﬁrst peak, causing their coalescence. As
a rule, species capable of penetrating the hydrocarbon tail region of the
phospholipid monolayer increase its capacitance over the potential
range of the ﬂat capacitance minimum with respect to its value in the
absence of foreign species, if their polarizability is appreciably higher
than that of the lipid molecules. Conversely, they affect the monolayer
capacitance only slightly if they have a low polarizability, or they may
even decrease it if they contribute to thickening or stiffening themono-
layer [37]. In both cases, if their concentration in the lipid monolayer is
sufﬁciently high, their intercalation with the lipid molecules prevents
the latter molecules from undergoing a sufﬁciently sharp cooperative
reorientation, thus broadening and depressing the pseudocapacitance
peaks in Fig. 1, curve a. Molecules adsorbed on top of the lipidmonolay-
er, but unable to penetrate it, alter and depress the pseudo-capacitance
peaks by interacting with the polar heads [34,38].
3.1. Inﬂuence of pPLN on a mercury-supported DOPC monolayer
Addition of 2 μg/mL pPLN has a small effect on the AC
voltammogram of a DOPC SAM in a pH 7 buffer solution of 0.1 M KCl,
as shown in Fig. 1, curve b. Thus, the three pseudo-capacitance peaks
are practically unaltered and the capacitance along the ﬂat region of
the C vs. E curve is increased to a small extent only at E b −0.65 V,
where the stability of the SAM starts decreasing.
In analyzing electrochemical impedance spectra, a lipid mono- or
bilayer can be simulated by a series of slabs with different dielectricFig. 1. AC voltammograms at 75 Hz of a DOPC SAM in aqueous 0.1 M KCl (a), and in an
aqueous solution of 0.1 MKCl and 2 μg/mL pPLN either buffered at pH 7 (b) or unbuffered
(c). In this ﬁgure and in the following ones, the upper horizontal axis provides an
approximate value of the transmembrane potential, ϕtrans.properties. When ions ﬂow across each slab, they give rise to an ionic
current jion, which is proportional to the electric ﬁeld E according to a
proportionality constant σ, called conductivity. Ions may also accumu-
late at the boundary between contiguous dielectric slabs, causing a dis-
continuity in the electric displacement vector D, which is equal to the
electric ﬁeld E times the dielectric constant ε. Under AC conditions,
the accumulation of ions at the boundary of the dielectric slabs varies
in time, and so does the electric displacement vector, giving rise to a
capacitive current jc, which is given by the time derivative of D. The
total current can, therefore, be regarded as the sum of jion and jc. Each
dielectric slab can be simulated by a resistance, accounting for the
ionic current, with in parallel a capacitance, accounting for the capaci-
tive current; this parallel RC combination is frequently referred to as
an RC mesh. Impedance spectra of the DOPC SAM in a pH 7 buffer solu-
tion of 0.1MKClwere ﬁtted by three RCmeshes in series, simulating the
hydrocarbon tail region, the polar head region and the aqueous solution
bathing the lipid SAM [39], supplementary material in Ref. [11]. The
conductance G = 1/R and the capacitance C of the RC mesh simulating
the hydrocarbon tail region after addition of 2 μg/mL pPLN are reported
in Fig. 2 against the applied potential. Here too, a signiﬁcant increase in
G and C with respect to their values in the absence of pPLN is only ob-
served at E b −0.60 V. Analogously, the cyclic voltammogram (CV) of
the SAM over the potential range from −0.20 V to −0.80 V is not af-
fected by the presence of pPLN (data not shown).
The behavior of pPLN toward theDOPC SAM in 0.1 MKCl is quite dif-
ferent in an unbuffered solution of pH around5.6. In this case, pPLN sup-
presses the three pseudo-capacitance peaks of the AC voltammogramof
the lipid SAM and increases the capacitance along the ﬂat region of the
C vs. E curve to an appreciable extent (see Fig. 1, curve c). Accordingly,
the conductance G of the RC mesh ascribable to the hydrocarbon tail
region after addition of 2 μg/mL pPLN increases with respect to the
value in the absence of pPLN from the most positive potential and
attains a maximum value at about −0.50 V, as shown in Fig. 2, curve
c. The corresponding increase in C becomes signiﬁcant at potentials
negative of−0.30 V, as shown by curve d in Fig. 2.
The DOPC SAM is completely impermeable to Cd2+ over the whole
potential range from −0.20 to −0.80 V, yielding a completely ﬂat CV
(curve a in Fig. 3). Addition of 6 × 10−5 M Cd2+ to a solution of 0.1 M
KCl and 2 μg/mL pPLN yields a CV showing a negative current at poten-
tials negative of the formal potential, E0Cd = −0.610 V, of the Cd2+/Fig. 2. Plot of the conductance G and capacitance C of the RC mesh ascribed to the
hydrocarbon tail region of a DOPC SAM in aqueous solution of 0.1 M KCl and 2 μg/mL
pPLN, either buffered at pH 7 (curve a for G and curve b for C), or unbuffered (curve c
for G and curve d for C). For E N −0.60 V, curves a and b practically coincide with those
in the absence of pPLN.
Fig. 3. Cyclic voltammogram of a DOPC SAM in a pH 7 buffer solution of 0.1 M KCl and
6 × 10−5 M Cd2+ in the absence (a) and in the presence of 2 μg/mL pPLN (b). Curve c is
the cyclic voltammogram of 0.1 M KCl and × 10−5 M Cd2+ on bare mercury. The left
current axis refers to curves a and b, the right one to curve c.
Fig. 5. Plot of the conductance G and capacitance C of the RC mesh ascribed to the
hydrocarbon tail region of a DOPC SAM in aqueous solution of 0.1 M KCl and 2 μg/mL
SLN, either buffered at pH 7 (curve a for G and curve b for C), or unbuffered (curve c for
G and curve d for C).
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tive of E0Cd (see Fig. 3, curve b). This CV is observed both in pH 7 buffer
solutions and in unbuffered solutions. In all cases, the positive peak is
never higher than 25% of the corresponding reversible peak recorded
on bare mercury, shown in Fig. 3, curve c.
3.2. Inﬂuence of SLN on a mercury-supported DOPC monolayer
Addition of 2 μg/mL SLN eliminates almost completely the
pseudocapacitance peaks of the AC voltammogram of a DOPC SAM in
a pH 7 buffer solution of 0.1 M KCl, but has a negligible effect on the
capacitance along the ﬂat region of the C vs. E curve, as shown in
Fig. 4, curve b. The G and C values of the RC mesh ascribable to the
hydrocarbon tail region start increasing appreciably at potentials nega-
tive of −0.50 V, but their increase is modest, as appears from Fig. 5,
curves a and b. Conversely, in unbuffered solution, SLN has a modest ef-
fect on the pseudocapacitance peaks of the AC voltammogram (see
curve c in Fig. 4), while it more that doubles the capacitance along the
ﬂat region of the C vs. E curve. Accordingly, the G and C values in
unbuffered solution are higher than those in the pH 7 buffer solution
over this region, attaining a maximum around−0.50 V, as shown in
Fig. 5, curves c and d. Quite interestingly, the pseudocapacitanceFig. 4.AC voltammograms at 75 Hz of a DOPC SAM in aqueous 0.1 MKCl (a), and in aqueous
solution of 0.1 M KCl and 2 μg/mL SLN either buffered at pH 7 (b) or unbuffered (c).peaks in the AC voltammogram of an unbuffered solution of pH ~5.6
(curve c in Fig. 4) are not observed if this pH is realized by acidifying a
pH 7 buffer solution, where these peaks are practically suppressed. In
other words, the factor responsible for the suppression of the peaks at
pH 7 is not removed by decreasing the pH. Addition of 6 × 10−5 M
Cd2+ to a pH 7 buffer solution of 0.1 M KCl and 2 μg/mL SLN yields a
CV similar to that recorded in the presence of pPLN and shown in
Fig. 3, curve b. However, in an unbuffered solution the CV is much
smaller; if the pH is then increased again to pH 7 by adding HPO42−,
the height of the CV at the latter pH is recovered.
3.3. Inﬂuence of pPLN on a mercury-supported DPTL|DOPC bilayer
If cyclic voltammetric measurements are carried out by scanning the
potential exclusively over the range of physiological transmembrane po-
tentials, i.e. between E = −0.20 V and −0.80 V (see the Discussion),
pPLN and SLN have no detectable effect on the tBLM, both in
unbuffered and pH 7 buffer solution. Nonetheless, some effect is ob-
served in unbuffered solution by using electrochemical impedance spec-
troscopy, as reported in Refs. [10,11,13].
The CV of a tBLM immersed in a pH 7 buffer solution of 0.1 M KCl or
of 0.05 M CaCl2 is almost completely ﬂat and is not affected by addition
of 4 μg/mL pPLN and by a further addition of 6 × 10−5 M Cd2+ or
1 × 10−4 M Tl+. In other words, the presence of pPLN in a pH 7 buffer
solution does not permeabilize the tBLM toward any of the K+, Tl+,
Ca2+, Cd2+ and Cl- ions. The CV of a tBLM in an unbuffered solution of
0.1 MKCl is also completely ﬂat, as shown by curve a in Fig. 6. However,
in this case, addition of 4 μg/mL pPLN yields a CV with a small negative
hump around −0.91 V and a positive shoulder around −0.40 V, as
shown by curve b in Fig. 6. An unbuffered solution of 0.05 M CaCl2 and
4 μg/mL pPLN yields a ﬂat CV, practically indistinguishable from that
in Fig. 6, curve a. Upon adding 0.05 M KCl to this solution and cycling
the potential a few times, the stabilized CV in Fig. 6, curve c, is obtained.
The CV of a tBLM in an unbuffered solution of 0.1 M KCl containing
4 μg/mL pPLN and 1 × 10−4 M Tl+ shows a broad negative peak with
a maximum at about−1.00 V and two distinct positive current peaks
at about−0.38 V and−0.22 V, as shown in Fig. 7, curve b. Subsequent
addition of 6 × 10−5 M Cd2+ initially suppresses both the negative
peak and the two positive ones. However, repeated voltage cycling
causes a gradual increase in current. Ultimately, after about 50 cycles,
the CV appears to be the sum of contributions from Tl+ and Cd2+
electroreduction and from the reoxidation of the corresponding amal-
gams. Thus, subtracting the CV recorded just before the addition of
Fig. 6. Cyclic voltammogram of a DPTL|DOPC tBLM in unbuffered solution of 0.1 M KCl in
the absence of pPLN or in unbuffered solution of 0.05 M CaCl2 both in the absence and in
the presence of 4 μg/mL pPLN (a), in unbuffered solution of 0.1 M KCl and 4 μg/mL pPLN
(b), and in unbuffered solution of 0.05 M CaCl2, 0.05 M KCl and 4 μg/mL pPLN (c).
Fig. 8. Cyclic voltammogram obtained by subtracting the CV in Fig. 7 from that recorded
after addition of 6 × 10−5 M Cd2+ and numerous voltage cycles.
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CV characterized by a negative current hump and a corresponding pos-
itive current peak, as shown in Fig. 8; themidpoint between themaxima
of the negative hump and of the positive peak lies at about −0.61 V,
which coincides with the formal potential of the Cd2+/Cd0(Hg) couple
[30,40]. The CV of a tBLM in a pH 7 buffer solution of 0.1 M KCl is not
altered by the presence of pPLN and Tl+ and is, therefore, perfectly
ﬂat. If the solution is then acidiﬁed with HCl to pH ~ 5.6, a CV due to
Tl+ electroreduction practically identical to that in Fig. 7, curve b, is
obtained. If the pH is subsequently increased again to 7 by adding
HPO42-, the CV of Tl+ ion is completely suppressed, restoring the initial
situation. In otherwords, pH changes produce effects that are reversible.
3.4. Inﬂuence of SLN on a mercury-supported DPTL|DOPC bilayer
The effect of SLN addition to a 0.1 M KCl solution bathing a tBLM is
qualitatively analogous to that of pPLN. Thus, if a solution of 0.1 M KCl
or of 0.05 M CaCl2 is buffered at pH 7, the perfectly ﬂat CV of the tBLM
is affected neither by addition of SLN nor by a subsequent addition of
Tl+ or Cd2+. The CV of a tBLM in an unbuffered solution of 0.1 M KCl
is also completely ﬂat, as shown by curve a in Fig. 9. However, additionFig. 7. Cyclic voltammogram of a DPTL|DOPC tBLM in unbuffered solution of 0.1 MKCl and
4 μg/mL pPLN in the absence (a) and in the presence of 1 × 10−4 M Tl+ (b).of 4 μg/mL SLN yields a CV with a rounded negative peak at about
−0.87 V and a corresponding very ﬂat positive hump, as shown in
Fig. 9, curve b. An unbuffered solution of 0.05 M CaCl2 and 4 μg/mL
SLN yields a ﬂat CV, practically identical with that in Fig. 9, curve a.
Upon adding 0.05 M KCl to this solution and cycling the potential a
few times, the stabilized CV in Fig. 9, curve c, is obtained. The presence
of Ca2+ shifts the translocation of K+ ions across the lipid bilayermoiety
of the tBLM to more negative potentials.
Adding 1 × 10−4 M Tl+ to an unbuffered solution of 0.1 M KCl and
4 μg/mL SLN causes a moderate increase in the negative peak and in
the positive current of the CV in Fig. 10, curve a, recorded before its ad-
dition, yielding curve b in the same ﬁgure. The CV is also characterized
by a very small negative peak at about −0.56 V and a corresponding
small positive peak around−0.32 V. Interestingly, themidpoint poten-
tial between these two peaks,−0. 44 V, is close to the formal potential,
−0.47 V, of the Tl+/Tl0(Hg) couple [30,33]. If a tBLM in a pH 7 buffer so-
lution of 0.1 M KCl containing SLN and Tl+, which yields a perfectly ﬂat
CV, is acidiﬁed to pH 5.6withHCl, a CV identicalwith that in Fig. 10, curve
b, is obtained. A subsequent pH increase to 7 by addition of HPO42- restores
the initial situation, denoting a reversible behavior.Fig. 9. Cyclic voltammogram of a DPTL|DOPC tBLM in unbuffered solution of 0.1 M KCl in
the absence of SLN or inunbuffered solution of 0.05 MCaCl2 both in the absence and in the
presence of 4 μg/mL SLN (a), in unbuffered solution of 0.1 MKCl and 4 μg/mL SLN (b), and
in unbuffered solution of 0.05 M CaCl2, 0.05 M KCl and 4 μg/mL SLN (c).
Fig. 10. Cyclic voltammogram of a DPTL|DOPC tBLM in unbuffered solution of 0.1 M KCl
and 4 μg/mL SLN in the absence (a) and in the presence of 1 × 10−4 M Tl+ (b).
2687L. Becucci et al. / Biochimica et Biophysica Acta 1828 (2013) 2682–26904. Discussion
In previous works on mercury-supported tBLMs [41], it was shown
on the basis of an approximate extra-thermodynamic procedure that
the potential difference, ϕtrans, across the lipid bilayer moiety of the
tBLM in the absence of ion channels, and hence in the absence of ions
in the hydrophilic spacer, is expressed by the equation ϕtrans =
0.72 × (E/SCE + 0.480) V. Hence, the range of physiological transmem-
brane potentials at a tBLM varies from−0.20 V and−0.80 V. The cor-
responding potential difference, ϕtrans, across a lipid SAM can be readily
estimated by considering that the extra-thermodynamic absolute po-
tential difference across the whole electriﬁed interface interposed be-
tween bulk mercury and the bulk aqueous phase is obtained by
adding about +0.230 V to the applied potential E measured vs. the
SCE [41]. Consequently, the transmembrane potential at a lipid SAM is
approximately given byϕtrans = E/SCE + 0.230 V and assumes physio-
logical values only in the potential range from about−0.03 V to about
−0.43 V. For further considerations on the transmembrane potential
across a mercury-supported phospholipid SAM, see Appendix A.
The results obtained by scanning the potential beyond the range of
physiological transmembrane potentials are not necessarily physiologi-
cally meaningless. In fact, a high transmembrane potential creates a rel-
atively high net charge density on themetal side of the lipid ﬁlm and an
equal and opposite charge density, due to diffuse layer ions, on its solu-
tion side. When this effect, called electrostriction, becomes sufﬁciently
high, it tends to gradually squeeze lipid molecules out of the lipid ﬁlm
and to replace them with water molecules, in view of their very high
dipole moment/(molecular volume) ratio. This effect can be regarded
as analogous to that produced by an osmotic stress on the outer leaﬂet
of a lipid vesicle [34]. Thus, an inside hyperosmotic salt gradient in a
lipid vesicle induces a splaying of its outer leaﬂet [42], causing the inser-
tion of water molecules into it and their penetration into the vesicle
lumen.
4.1. Inﬂuence of pPLN
The AC voltammogram of the DOPC SAM at pH 7 in the presence of
pPLN (curve b in Fig. 1) conﬁrms the absence of signiﬁcant effects of this
small protein both along theﬂat region of the C vs. E curve and along the
pseudocapacitance peaks. This behavior denotes the lack of pPLN inter-
actions with both the polar heads and the hydrocarbon tails of DOPC.
This behavior is conﬁrmed by the values of capacitance C and conduc-
tance G in Fig. 2, which start increasing at about−0.65 V, correspond-
ing to a ϕtrans value of about −0. 42 V. Conversely, the increase incapacitance along the ﬂat region of the C vs. E curve in Fig. 1, curve c, in-
duced by pPLN in unbuffered solution denotes insertion of pPLN into the
hydrocarbon tail region of the DOPC SAM. Since the length of pPLN is
higher than the SAM thickness, this insertion is expected to be only par-
tial and different from the proper incorporation in a lipid bilayer. The
same consideration applies to SLN. The insertion also prevents coopera-
tive reorientation of the DOPCmolecules, causing complete suppression
of the pseudocapacitance peaks; this does not exclude direct interac-
tions of the pPLN molecules with the polar head region. This behavior
agrees with an increase in the conductance G in Fig. 2, curve c, already
at ϕtrans = −20 mV, namely within the physiological transmembrane
potential range; G attains a maximum value around −0.50 V, corre-
sponding to a ϕtrans value of −0.27 V. The above effect of a decrease
in pH can possibly be explained by the decrease in the negative charge
of the ﬁve phosphate groups of pPLN from−2 to −1 in passing from
pH 7 to pH 5.6, and by the resulting decrease in the electrostatic repul-
sion by the negatively charged electrode. In spite of the different inﬂu-
ence of pPLN on a DOPC monolayer in a pH 7 buffered solution and in
an unbuffered one, a modest permeability of the monolayer toward
Cd2+ ion is observed at both pH values.
While pPLNhas nopermeabilizing effectwhatsoever on the tBLB in a
pH 7 buffer solution, comparing curves a and b in Fig. 6 indicates that in
an unbuffered solution pPLN permeabilizes the tBLM toward KCl to
some extent. The fact that the completely ﬂat CV of curve a is also
obtained in an unbuffered solution of CaCl2 indicates that pPLN exerts
no permeabilizing effect on the tBLM in the presence of both Ca+2 and
Cl- ions. This implies that the permeabilizing effect of pPLN toward KCl
is to be ascribed to K+ ions. Finally, curve c in Fig. 6 indicates that K+
translocation across the lipid bilayer moiety of a tBLM incorporating
pPLN is not prevented by the presence of Ca2+ ions.
It should be noted that the negative hump of curve b in Fig. 6, due to
K+ ﬂow into the hydrophilic spacer of the tBLM, lies at a potential of
about −0.91 V, corresponding to a ϕτrans value of −0.30 V, in good
agreement with the ϕtrans value at the conductance maximum of the
DOPC SAM in Fig. 2, curve c, under otherwise identical experimental
conditions. This indicates that the DOPC SAM represents a realistic
ﬁrst barrier to the permeabilizing action of peptides on tBLMs and,
more generally, on biomembranes. Hence, it provides useful information
on the interaction of a peptide with the outer leaﬂet of a biomembrane.
Nonetheless, an enhancement in the capacitance and conductance of
the DOPC SAM by a peptide does not ensure an analogous enhancement
at the inner leaﬂet of a lipid bilayer, and the resulting permeabilization of
the bilayer.
The CV of a tBLM immersed in a pH 7 buffer solution of 0.1 M KCl or
of 0.05 M CaCl2 is almost completely ﬂat and is not affected by addition
of 4 μg/mL pPLN and by a further addition of Cd2+ or Tl+. In an
unbuffered solution, pPLN does not permeabilize the tBLM toward
Cd2+ ion, but it does so toward the monovalent Tl+ ion. This points to
an analogy in the behavior of the two monovalent cations K+ and Tl+
towards permeation across membranes, independent of their different
electroactivity; same considerations apply to the two divalent cations
Ca2+ and Cd2+. Naturally, the charge involved in the permeation of
the two electroactive ions Tl+ and Cd2+ is higher than that involved
in the permeation of K+ and Ca2+ ions, since it also includes the addi-
tional charge connected to the penetration of these ions into bulk mer-
cury, with amalgam formation. The two positive peaks in Fig. 7, curve b,
may be tentatively ascribed to Tl0 oxidationwith initial accumulation of
the Tl+ ions in the hydrophilic tetraethyleneoxy spacer, and to their
subsequent translocation across the lipid bilayer moiety into the aque-
ous solution, respectively. The initial suppression of the peaks due to
the Tl0(Hg)/Tl+ couple by Cd2+ addition suggests a clogging of pores
in the tBLMby solvated cadmium ions, which are expected to be bulkier
than solvated thallous ions in view of their higher charge. Subsequently,
repeated voltage cycling allows the passage of both cadmium and
thallous ions. The small currents involved strongly suggest local defects
in the tBLM in close proximity to the pPLN molecules, rather that ion
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tion of the defective pore size to the size of the solvated cations imping-
ing on the lipid bilayer at negative transmembrane potentials. Moreover,
ion channels are expected to be lined with hydrophilic side chains
capable or replacing the primary solvation sheath of the translocating
ions; if this were the case, the passage of unsolvated cadmium ion
would be favored over that of unsolvated thallous ion, because of its
smaller ionic radius. In addition, pPLN has no hydrophilic side chains
along its transmembrane helix [17].
4.2. Inﬂuence of SLN
The effect of SLN on the AC voltammogram of a DOPC SAM at pH 7 is
quite different from that of pPLN. The modest increase in the capaci-
tance along the ﬂat region of the C vs. E curve b in Fig. 4 agrees with
the small increase in conductance and capacitance estimated from im-
pedance spectra over the same potential range, as shown in Fig. 5,
curves a and b. However, SLN depresses the pseudocapacitance peaks
at pH 7 much more effectively than pPLN does in unbuffered solution.
This indicates that SLN interacts strongly with the polar heads of the
DOPC SAM. The SLN behavior at pH 7 contrastswith themodest depres-
sion of the ﬁrst pseudocapacitance peak in the AC voltammogram in
unbuffered solution, shown in Fig. 4, curve c. This behavior can be
explained by the presence of a positive arginine residue (Arg6) and a
contiguous glutamic residue (Glu7) in the SLN cytoplasmic domain. In
a pH 7 buffer solution Glu7 is deprotonated, and hence negatively
charged, while in an unbuffered solution it may be protonated, and
hence neutral. In fact, even though the pKa value of the glutamic residue
is usually close to 4.2, it is appreciably affected by its peptidic environ-
ment. Thus pKa values of about 6 ÷ 6.5 are reported for Glu35 of glyco-
sidases [43,44]. In particular, a pKa value close to 6 for theGlu7 residue of
SLN was assumed in Ref. [11] to explain the apparent anomalous de-
crease in the resistance of a tBLM incorporating SLN at constant ATP
concentrationwhen gradually increasing pH from 5.3 to 8.With this as-
sumption, at pH 7 we can envisage a strong dual electrostatic interac-
tion of a negative Glu7 residue with the trimethylammonium group of
a DOPC polar head and of the contiguous positive Arg6 residue with
the negative phosphate group of the same polar head. No such interac-
tion is possible in unbuffered solution, where the electrostatic attractive
interaction of Arg6 with the phosphate group of a DOPC polar head is
counterbalanced by the repulsive interaction with the neighboring
trimethylammonium group. This interpretation may also explain why
acidiﬁcation of a pH 7 buffer solution containing SLN to a pH value of
about 5.6 with HCl does not restore the pseudocapacitance peaks that
are directly obtained in an unbuffered solution. The involvement of
the Glu7 residue in the dual electrostatic interaction with a DOPC
polar head at pH 7 may prevent its protonation following acidiﬁcation
to pH 5.6.
A DOPC SAM in unbuffered solution of SLN attains a conductance
maximum at about E = −0.47 V, corresponding to ϕtrans = −0.24 V
(see curve c in Fig. 5); this value is in good agreement with the ϕtrans
value of −0.28 V, corresponding to the negative peak potential,
E = −0.87 V, of the CV of a tBLM in an unbuffered solution of 0.1 M
KCl and 4 μg/mL SLN, as shown in Fig. 9, curve b. This conﬁrms the
DOPC SAM as a realistic ﬁrst barrier to the permeabilizing action of pep-
tides on biomembranes.
SLN has no permeabilizing effect on the tBLM in a pH 7 buffer solu-
tion. On the other hand, a comparison of curves a and b in Fig. 9,
obtained in a 0.1 KCl unbuffered solution before and after addition of
SLN, respectively, shows that SLN permeabilizes the tBLM toward K+
ions. On the basis of considerations entirely analogous to those made
in connection with Fig. 6 relative to the inﬂuence of pPLN, comparing
curves a, b and c in Fig. 9 leads to the conclusion that SLN does not
permeabilize the tBLM toward Ca2+ and Cl- ions. Moreover, the pres-
ence of Ca2+ allows the translocation of K+ ions across a tBLM incorpo-
rating SLN, but only at more negative transmembrane potentials. Theanalogous behavior of pPLN and SLN toward tBLM permeabilization,
as shown in Figs. 6 and 9, points to a permeabilizing effect due to local
defects in close proximity to the molecules of both proteins, rather
than to ion channel formation.
The apparent impermeability of a tBLM to Cl- ions in the presence of
SLN does not contradict the conclusions drawn in Refs. [10,11],
according to which SLN forms an ion channel selective toward Cl−
ions, and also toward HPO42− ions if in the presence of ATP. The results
reported therein were obtained while remaining in the range of physi-
ological transmembrane potentials and involve slow anionic ﬂuxes
along the SLNchannel (see below the effect of Tl+ addition). Conversely,
as already stated at the beginning of Section 3.3, the voltammetric re-
sults reported in the present work were obtained by scanning the po-
tential beyond the range of physiological transmembrane potentials.
The small negative peak at –0.56 V in the CV of the tBLM in the pres-
ence of SLN and Tl+ (curve b in Fig. 10) lies at the same potential as the
maximum of the broad peak of the in-phase component, Y’, of the ad-
mittance at 0.1 Hz against the applied potential in Fig. 4 of Ref. [11].
The latter peak, relative to a tBLM in a pH 6 buffer solution of 0.1 M
KCl containing SLN but no Tl+, is due to SLN acting as an ion channel se-
lective toward small monovalent inorganic anions, such as Cl- ion. The
ﬂow of Cl- ions along the SLN channel is slow, as denoted by the low fre-
quency at which the Y’ peak is more clearly detectable. This explains
why no voltammetric peak due to Cl- ﬂow into or out of the hydrophilic
spacer is observed in the CV of the tBLM in a 0.1 M KCl solution contain-
ing SLN but no Tl+ (curve b in Fig. 9). The very small reduction peak at
E = –0.56 V in Fig. 10, curve b, and the corresponding oxidation peak at
E = –0.32 V suggest that the SLN ion channel may allow a modest but
fast translocation of Tl+ ions under the driving force stemming from
their electroreduction to thallium amalgam.
5. Conclusion
Altogether, the above results can be summarized by stating that both
pPLN and SLN do not permeabilize lipid bilayers to ions at physiological
pH; however, a small decrease in pH induces both pPLNand SLN to exert
a permeabilizing action toward small inorganic monovalent cations
such as K+ and Tl+, but not toward divalent cations such as Ca2+ and
Cd2+. This behavior can be associated with the regulatory action of
these two small proteins on the Ca-ATPase of the sarcoplasmic reticu-
lum (SERCA). SERCA starts its enzymatic cycle as soon as the associated
PLN monomer is phosphorylated, removing its inhibitory effect. Each
enzymatic cycle involves the transport of two Ca2+ ions from the cyto-
sol to the lumen of the sarcoplasmic reticulum (SR) and the counter
transport of two protons [45]. This makes the lumen transiently hyper-
tonic, creating an osmotic imbalance whose effect is, to some extent,
equivalent to that of a nonphysiological transmembrane potential
across the lipid bilayer moiety of the tBLM. Moreover, the proton
counter transport transiently decreases the cytosol pH in the immediate
vicinity of the cytoplasmic domain of the calcium pump. In fact, even
though small molecules diffuse rapidly in the cytosol, concentration
gradients can still be produced therein. For example, "calcium sparks"
produced for a few milliseconds in the region around an open calcium
channel are well documented [46]. The resulting local pH decrease
will activate the liberated pPLN molecules to make the SR membrane
leakier toward K+ and Na+ ions, but not toward Ca2+ ions. This effect
is also shared by SLN, in view of the similarity of the behavior of these
two proteins, as appears from a comparison between Figs. 6 and 9.
This local pH decrease is also expected to induce the SLN ion channel
to translocate not only chloride ions, but also phosphate anions, when
in the presence of ATP [11]. In particular, the passage of phosphate ion
from the cytosol, where it is formed by ATP hydrolysis, to the SR
lumen will increase the level of Ca2+ accumulation therein via calcium
phosphate precipitation, enhancing the SERCA activity [47,48]. When
pPLN and SLN are both present in the same SRmembrane, as in the car-
diac muscle, there effect is expected to be synergic. At any rate, during
2689L. Becucci et al. / Biochimica et Biophysica Acta 1828 (2013) 2682–2690the transient local pH decrease on the cytoplasmic side of SERCA, pPLN
and SLN, either together or singly, will favor a rapid equilibration of ions
on both sides of the SRmembrane. The physiological role of the counter
transport of protons by Ca-ATPase has been questioned, because native
SR membranes are leaky to protons [49]. The role of pPLN and SLN
during the transient pH decrease on the cytoplasmic side of Ca-ATPase,
as a consequence of its pumping activity, may provide an answer.
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Appendix A
The value ϕtrans = (E/SCE + 0.230 V) for the transmembrane po-
tential of a lipid monolayer self-assembled on mercury ignores the sur-
face dipole potential of the water molecules in contact with the lipid
monolayer. Nonetheless, this is expected to be small because of the
small negative charge density σM on themetal over the whole potential
range of stability of the monolayer. Thus, σM equals −0.75 μC cm−2
at−0.450 V [50]. Considering that the differential capacitance C of the
DOPC monolayer increases only slightly with respect to its 1.8 μC
cm−2 value at −0.450 V when proceeding toward more positive po-
tentials, an approximate value of –0.030 V for the potential of zero
charge (pzc) is obtained by assuming that C remains constant. A more
accurate value of +0.015 V for the pzc of the DOPC SAM was obtained
by Bizzotto and Nelson [36] by measuring σM over the whole potential
range of interest by potential-step chronocoulometry. In spite of this
pzc value, there is still a certain tendency to justify some adsorption
properties of surfactants on a DOPC SAM by referring to the pzc of
bare mercury, −0.435 V/SCE [51]. As a matter of fact, the peculiarity
of a potential of about −0.450 V is due to the fact that it corresponds
to the maximum value of the ﬁlm pressure of the lipid SAM, which is
equivalent to the potential of maximum stability of the lipid monolayer
relative to its displacement by water [36]. It should be noted that the
ϕtrans = (E/SCE + 0.230 V) values include the surface dipole potential
of the DOPC polar heads; this is estimated at +0.150 V ÷ +0.200 V,
positive toward the hydrocarbon tail region [52], and is ascribed to
the ester linkages of the carboxyl groups to the glycerol backbone. A
similar situation is encountered with the tBLM, where the proximal
lipid monolayer is bound to the tetraethyleneoxy chain by ether link-
ages. The asymmetry of the lipid ﬁlm in both lipid SAMs and tBLMs
causes the electric ﬁeld within the hydrocarbon tail region to be differ-
ent from zerowhen ϕtrans equals zero, as distinct from symmetric bilay-
er lipid membranes. Thus, if we ascribe +0.150 V to the dipole
potential of the phospholipid polar head, the electric ﬁeld in the hydro-
carbon tail region of the DOPC SAM equals zero at E = −0.080 V.
Asymmetric membranes are also frequently encountered in the mem-
branes of living cells and organelles. The transmembrane potential
ϕtrans of the DOPC SAM being negative over themajority of its potential
range of stability explains why gramicidin, an ion channel selective to-
wards monovalent cations, increases its differential capacitance
throughout this potential range [53] by allowing monovalent cations
to move back and forth. This may also explain why membrane perme-
abilization by a number of positively charged peptides is more pro-
nounced at a DOPC SAM than at unilamellar DOPC vesicles, where
ϕτrans is practically zero [54].
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